Objectives: The ototoxicity of occupational exposure to toluene plus noise was investigated in a longitudinal study in rotogravure printing and existing findings in the literature were evaluated. Material and Methods: The study comprised four repeated examinations during 5 years and started with 333 male workers. Lifetime weighted average exposures (LWAE) to toluene and noise were determined from individual work histories and historic recordings; recent individual exposures were measured 10 times during the study (toluene, active sampling; noise, stationary measurements). Auditory thresholds were measured with pure tone audiometry at 0. 125, 0.25, 0.5, 0.75, 1, 2, 3, 4, 6, 8, 12 kHz. Results: Mean LWAE exposures to toluene and noise were 45±17 ppm plus 82±7 dB(A) for high toluene exposed and 10±7 ppm plus 82±4 dB(A) for low toluene exposed subjects, mean current exposures were 26±20 ppm plus 81±4 dB(A) and 3±3 ppm plus 82±4 dB(A). Mean exposure duration was 21.3±6.5 years for long exposed and 5.9±2.2 years for short exposed subjects. Repeated measurement analyses of variance did not reveal effects of toluene intensity, exposure duration and interactions between toluene intensity and noise intensity. Noise intensity [79±3 dB(A) vs. 84±1 dB(A)] was significant for auditory thresholds. A case concept utilising developments of individual auditory thresholds did not reveal significant toluene effects. Logistic models including age, exposure duration, toluene in ambient air, current noise and either hippuric acid or ortho-cresol (o-cresol) found only age to be significant for elevated OR of high frequency hearing loss. Conclusions: Due to missing toluene effects, it was concluded that the threshold level for developing hearing loss as a result of occupational exposure to toluene plus noise might be above the current limit of 50 ppm toluene. 
PROBLEM
Occupational exposures to organic solvents have been associated to deteriorations in several sensory domains. For toluene, effects on colour vision as well as on hearing were reported for high exposures, the latter one especially in interaction with noise exposure. This paper presents results of a repeated measures study, evaluates existing findings in the literature and provides information on the exposure range not having led to hearing deficiencies as measured via auditory thresholds as well as the threshold level for developing these.
In 1993, Abbate et al. revealed alterations in acoustically evoked potentials for a selected group of 40 printing workers exposed to 97 ppm toluene for ~13 years on average [1] . In 1993, Morata et al. compared three groups of workers (n = 190) exposed to noise, to noise and toluene, and to a mixture of solvents including toluene to an unexposed control group [2] . Hearing abilities were assessed by pure tone audiometry and emittance audiometry. Individual toluene exposures varied from 75 to 365 ppm for a minimum of about 6 years and noise exposures ranged from 88 to 98 dB(A) for a minimum of about 8 years. The relative risk effects of occupational exposure to toluene below 50 ppm in modern rotogravure printing [5] . Besides other physical, physiological and neuropsychological examinations, individual data on auditory thresholds of every participant was measured four times at intervals of about one year. Two factors were used in the study design for stratification: intensity of toluene exposure: "high" (printing division) versus "low" (end-processing division) and duration of exposure: "short" versus "long", leading to a total of four subgroups. When analysing auditory functions, a third stratification factor, i.e. intensity of current noise exposure (high versus low), was introduced with a cut-off point at the median of the noise data, 82 db(A). A general consequence of the working conditions in printing plants, which has to be taken into account, is the fact that a worker's individual duration of exposure to toluene as well as to noise is the same. Employees from 14 German rotogravure printing plants participated in the study voluntarily and gave their informed consent. The sample size was 333 (100%) at the first examination and dropped down to 278 (83.5%) at examination 2, to 241 (72.4%) at examination 3, and 216 (64.9%) at examination 4. The participants leaving the study did not split up significantly different into the four subgroups (χ 2 = 0.49, df = 3; p = 0.92). The main reasons for leaving the study were (in descending order) 'problems with the date of examination', 'no more interest' and 'sick leave on the date', which did not differ significantly between high and low exposed subjects. However, 'cessation of employment' happened more frequently among low than high exposed workers (11.1% versus 6.6% of drop outs). This difference was caused by economically induced structural changes in the plants during the 5-yr period and was not related to health differences, especially hearing thresholds, between the remaining and the leaving persons (df 1/315, F = 1.37, p = 0.24). Complete repeated datasets were available for 192 participants. Screening for exposure nonrelated hearing deficits (i.e. otitis or a perforated tympanic membrane) via otoscopy and tympanometry did not lead to further exclusions [6] . Additionally, the four subgroups of the reduced sample did not show significant differences from the four for bilateral high frequency hearing loss > 25 dB was highest in the toluene plus noise group, followed by the solvent group and the noise group. In 1997, Morata et al. published the results of logistic regression models presenting significances of both age and hippuric acid in urine, a traditional but meanwhile no longer recommended biomarker for toluene, when analysing high frequency hearing loss > 25 dB [3] . Auditory data was assessed from pure tone audiometry and emittance audiometry. The exposure scenario for the group of 124 printing workers comprised a mixture of toluene (up to 241 ppm), ethyl acetate (up to 653 ppm) and ethanol (up to 753 ppm) plus noise (71-93 dB) for an average of 8 years. The concentration of toluene in ambient air was not found to be significantly associated with hearing loss and no significant associations with hearing loss were noted for the other solvents or noise. In 2006, Chang et al. reported odds ratios of at least 104 for high frequency hearing loss > 25 dB after combined exposure to toluene and noise in adhesive manufacturing [toluene in ambient air: 33/107/164 ppm, noise: 83-84 dB(A)] [4] . The results in humans with occupational exposures seem to support the hypothesis of a combined effect of toluene and noise. However, there are well known limitations to the data. In most cases, occupational "toluene exposures" were exposures to a mixture of toluene plus other solvents. The documentation of individual long-term exposure to toluene and noise is often scarce. The cross-sectional design of the available studies cannot reflect the development of adverse effects and potential causes (e.g. toluene/ noise exposure). The present study uses a representative extent of data to provide both long-term and recently existing exposure information. Furthermore, the potential development of toluene-and noise-induced hearing loss is clearly documented by four repeated measurements in a follow-up design.
STUDY DESIGN AND SUBJECTS
The study on the effects of exposure to toluene plus noise on hearing was part of a long-term study over 5 years, which was designed to reveal potential adverse health Table 2 .
Noise exposure
Current noise exposure Each participant's individual noise exposure was measured together with his toluene exposure twice per year. The individual Leq [dB(A)] was assessed using data from permanent stationary sound level metering at typical work stations and the individual work pattern according to DIN 45645 [9] . Mean current noise exposure for the sample was 81.1±3.5 dB(A) in the printing area (n = 106) and 81.6±4.2 dB(A) in the end-processing area (n = 86). Means and standard deviations of the measurements per exposure period are given in Table 2 . For the two groups dependent on the intensity of current noise, the mean levels of current noise exposure were 79±3 versus 84±1 dB(A) during the whole study, the difference being significant (p < 0.001).
Lifetime weighted noise exposure LWAE for noise of every participant was calculated by a procedure similar to that used to calculate the LWAE for toluene. Records from 11 printing plants were used to assess a job exposure matrix for the same time periods as for toluene in order to use the same work histories for the calculations. The data indicated a decrease in the mean exposure for the printing area from 92.5 dB(A) before 1975 to 83 dB(A) in 1995 and for the end-processing subgroups at study onset concerning the duration of exposure as well as the split of the whole sample into the four subgroups (χ 2 = 1.70, df = 3, p = 0.64).
Toluene exposure
Current toluene exposure in ambient air The solvent used in the printing process was pure toluene (benzene < 0.01%). Current individual toluene exposures were measured twice per year, leading to 10 data points per person during the study. Personal air samples from the breathing zone over a whole working shift each were collected using active samplers, in compliance with TRGS 402 (1993) [7] . Table 2 gives means and standard deviations, related to examination periods. For the printing area (n = 106), the average exposure level for toluene in the breathing zone was 25.7±20.1 ppm and for the end-processing area (n = 86) 3.2±3.1 ppm, resulting in an exposure ratio between the groups (ratio of means) of 8:1.
Lifetime-weighted toluene exposure in ambient air According to Bleecker et al., individual lifetime-weighted average exposures (LWAE) to toluene at study onset were calculated from individual work histories (standardised interviews) and a job-exposure matrix (four time periods × four work areas) [8] . This matrix had been derived from historical exposure data of five representative German printing plants participating in the present study. This data indicated a decrease of the mean exposure in printing areas from 135 ppm before 1975 to 40 ppm in 1995, and of the biomarker-subsample were: 39±9 (range 24-56) years for age, 13±9 (range 3-38) years for exposure duration, 15±15 (range 1-69) ppm for toluene in ambient air, 82±3 (range 70-87) dB(A) for current noise, 1.8±1.6 (range 0.1-8.9) g/l urine for hippuric acid (BEI 1.6 g/g creatinine) and 1.0±1.2 (range 0-6.0) mg/l urine for o-cresol (BEI 0.5 mg/l, German BAT 3.0 mg/l).
Examination of auditory functions and approaches to data
A Siemens SD 26 Diagnostic audiometer equipped with the standard noise-excluding Siemens headset was used to assess the individual auditory thresholds by pure tone area from 88 to 82.5 dB(A). The ratio of the mean noise LWAEs of the printing and processing group was nearly 1, the difference not being significant. Information on LWAE is also given in Table 2 .
Biomarker data on current toluene exposure During examination period 2, for 80 study participants concentrations of hippuric acid and ortho-cresol (o-cresol), two biomarkers for current total toluene exposure [10, 11] , were ascertained from after-shift urine samples. The analyses of the urine samples were performed according to the standards published by the German Research Foundation [12] . The mean±standard deviation 
THE EFFECTS OF TOLUENE PLUS NOISE ON HEARING THRESHOLDS O R I G I N A L P A P E R S IJOMEH 2008;21(3)
195 approach to data was an analysis of the number of subjects with high frequency hearing loss analogous to Morata et al. [3] . For these purposes, data on high frequency hearing loss > 25 dB and biomarker data was ascertained in examination period 2 for 80 participants and was analysed in logistic regression models. Following the definition Morata et al. give in their publication on page 293, a high frequency hearing loss was stated if the audiogram of a participant showed a hearing loss of at least "25 dB in any of the tested frequencies, if the audiogram revealed a notch in one of the frequencies between 1 and 6 kHz, or the thresholds were the poorest in this frequency range" [3] .
Statistical procedures
All statistical computations were performed with SAS and SPSS routines. For the first approach, the six individual hearing thresholds for the frequencies from 1.5 to 8 kHz were adjusted for age [14] , log transformed, and analysed in one comprehensive model with methods of repeated measures analysis of variance (rANOVA). The between factors in this analysis were toluene intensity (high vs. low) duration of exposure (long vs. short), and noise intensity (high vs. low). The within factors were examination period (4), ear (2) , and frequency (6). In the second approach to data the distribution of cases was analysed with matters of contingency analysis (2 * 2 table tests). In the third approach comprising biomarker data and information on high frequency hearing loss, stepwise logistic regression models were used to estimate odds ratios completely analogous to Morata et al. [3] . The models were provided with the independent variables hippuric acid/o-cresol rsp., age, exposure duration, current toluene exposure in ambient air, current noise exposure and information on severe ear infections. The variables were entered as continuous ones except the information on ear infections (yes/no).
RESULTS
Neither parametric nor nonparametric analyses revealed significant effects of the level of toluene exposure measured in ambient air or via biomarkers, of exposure duration, or their interaction.
audiometry. The device met the audiometric requirements as specified in IEC Publication 645 (IEC, 1979) and was used in sound insulated chambers, if available in the different plants [13] . The test frequencies were 125, 250, 500, 750, 1000, 1500, 2000, 3000, 4000, 6000, 8000 and 12 000 Hz. Otoscopy and tympanometry were performed to screen for exposure-nonrelated hearing deficits, but did not lead to further exclusions since ascertaining data via tone audiometry was possible in affected subjects and their numbers did not differ significantly between the groups with high versus low toluene intensity, short versus long exposure duration or high versus low noise intensity. All examinations took place in the first or in the second half of a morning or an afternoon shift after at least 3 h of exposure-free time. The predominant part of the medical examinations including audiometry was performed by one physician except during examination 1, where a second physician mainly performed the examinations. The auditory data was analysed in three different ways in order to (1) utilise the maximum of information of the repeated measures dataset, (2) introduce a case concept detecting potential adverse trends in the individual auditory data of each worker during the study, and (3) provide results for a direct comparison with findings in the literature (odds ratios for high frequency hearing loss, [3] ). In the first and second approach, the six individual hearing thresholds for frequencies from 1.5 to 8 kHz were analysed in order to include the typical frequencies for noise-induced hearing loss and potential toluene induced deficiencies. The first approach was an analysis of variance calculated with the repeated individual data on each subject's auditory thresholds at every examination. The second approach's case concept was based on each subject's individual auditory development during the study. A subject was defined to be a case if his auditory thresholds showed a decline of at least 10 dB at any ear and at any of the six core frequencies between two examinations (time interval about one year) which remained as a permanent one. To take into account natural age-induced decreases in the auditory thresholds of humans, the whole auditory data of exposed subjects as well as of controls was age-adjusted in these two approaches following ISO 7029, database A [14] . The third subjects into cases and non-cases not to be significantly different (χ 2 = 0.031, p = 0.49); the same was found for short vs. long exposed subjects (χ 2 = 0.015, p = 0.51). So, the distribution of cases with remarkably increasing impairments of hearing was not proven to be dependent on either toluene level or duration, see Table 4 .
The exposure-related results of the parametric analysis of the first approach to data employing methods of rANOVA are listed in Table 3 . The only adverse exposure-related result was a significant effect of noise intensity (F = 4.5, p = 0.04), which lead to differences in the mean auditory thresholds per frequency that were at least twice as large as for the stratification dependent on toluene intensity. Means and standard errors of the hearing thresholds at the 6 frequencies analysed in this rANOVA are given in Figure 1 dependent on the factors toluene intensity and noise intensity. More detailed results of the rAnova of the repeated measures dataset are presented in Schäper et al. [6] . The second approach to data with its nonparametric analysis indicated the split-up of high exposed and low exposed At last, the split of the total of 117 cases on the four subgroups of the study was analysed to get information on the effects of the interactions between toluene exposure level and exposure duration on the distribution of cases.
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However, as the subgroups were of different size, the information to be compared are the percentages of cases per subgroup (Table 5 ). Again, no significant effect was found (χ 2 = 0.29, p = 0.36).
In the third approach to data comprising information on individual biomarkers and high frequency hearing loss in stepwise logistic regression models, a prevalence of 36% for bilateral hearing loss was found in the subsample biomarker information had been measured for during examination 2. The estimated odds ratios for developing high frequency hearing loss per unit of the independent variables involved in modelling are given in Table 6 . The model was equivalent to that of Morata et al [3] and for reasons of comparison the result for each independent variable is listed.
No exposure-related variable presented any significance in any logistic model. The only independent variable found to be significant was age -this variable being highly ments for the whole of the three subgroups and these measurements are not individual, but stationary ones and record toluene only.
The auditory thresholds at 0.5 kHz are notably im-6.
paired for all subgroups. The prevalence of a high frequency hearing loss ranges 7.
from 84.6% to 87% for the three subgroups with toluene plus noise exposure, where workers' average age is 40 years. So, the outstandingly elevated OR of 104 for developing a high frequency hearing loss reported for an exposure scenario comparable to that in our study and for workers with a mean age of 40 years has to be assessed with a certain scepticism and will not be integrated in our final conclusions on the ototoxicity of toluene in interaction with noise exposure. A final remark concerning the exposure levels in our study has to refer to the participant's LWAEs on toluene and noise. For the subgroup with high and long exposure, the mean LWAE levels were 59 ppm plus 86 dB(A) for 22 years of exposure on average. Further on, the LWAE levels for about 68% of the participants in this group were up to 72 ppm toluene plus 88 dB(A) noise for this average exposure duration of 22 years. Taking into account that our study did not reveal any toluene-induced hearing impairments, this information on long-term exposure in our study gives valuable supplementary information for the search of a no-effect-level which has to comprise not only information on current exposure. Potential problems of, and questions to the present study may comprise the following points, which were to some extent already discussed in a previous publication [6] : (1) No unexposed group was included. (2) Is a healthy worker effect possible? (3) To what extent was the personal protection gear used by the workers? (4) Is the utilised case concept adequate for the data at disposal? (5) Is an age adjustment reasonable for data approach 1 and 2?
The toluene and noise exposure levels are clearly different between our study and the two Morata et al. studies. In its Table 1 , the first study of Morata et al. [2] reported 1500 ppmh (184 ppm × 8 h shift) plus 88-98 dB(A) as the mean dose per workshift for the toluene plus noise group [2] resulting in significantly elevated risks of developing hearing impairment. For the present study, the mean dose per workshift was 208 ppmh plus 81 dB(A) for the high toluene exposed group. This is about one seventh of the daily toluene as well as noise dose of the Morata sample, with an increase of 3 dB meaning a doubling of physical energy. So, the threshold level for developing auditory impairments as a result of combined exposure to toluene and noise probably is located somewhere between the exposure levels of the two studies. The second Morata et al. study presents a significant OR estimate for the chances of developing a high frequency hearing loss > 25 dB dependent on the observed hippuric acid level, whereas our study only found age to be highly significant for these impairments. Accepting hippuric acid as a marker of toluene exposure and comparing the levels of hippuric acid for each study, 0.84 g/g creatinine for the present study vs. 2.3 g/g creatinine (BEI 1.6 g/g creatinine) for the Morata et al. study, which means exceeding the BEI for more than 43%, the different prevalences of bilateral hearing loss, 36% in the present study vs. 49% in the Morata et al. sample and the problem of significance vs. insignificance of the hippuric acid concentration lose their contrariness. When comparing our results to those of Chang et al. [4] , several shortcomings and curious points may be noted in the results of the second study:
An OR of 104 is presented for developing hearing 1.
loss > 25 dB at an exposure level of 33 ppm toluene plus 83.2 dB(A) compared to a control group. Although the study was performed "[…] in a plant 2.
manufacturing adhesive materials […]", only the concentration of toluene in ambient air was measured and the observed effects were ascribed to toluene alone. The sample size of the subgroup being of greatest in-3.
terest for the comparison with our study [33 ppm plus 83 dB(A)], is only n = 13. exposed to noise above 85 dB(A) reporting using hearing protectors" [3] . In contrast, in our study, the percentage of subjects 'never wearing ear protection' went down from 76% before 1975 to 30% in 1996 (study onset) and the percentage of those 'always wearing ear protection' went up from 4% to 28%. At the end of the study these percentages were 23% (never) and 22% (always). Therefore, the longer exposure duration in our study (13 years) seems to be the reason for the differences of the auditory thresholds between the two noise groups (high vs. low). At first sight, the impression may arise that the case 4.
concept used in our analysis employs too small shifts (10 dB) in the individual auditory thresholds between two examinations when defining a "case". But when checking the reliability of the auditory data between two subsequent examinations, we, for instance, find correlations r 12 > 0.83, r 23 > 0.84, and r 34 > 0.87 for the auditory thresholds of each ear at the critical frequency of 4 kHz, the indices giving the corresponding numbers of examination (1-4). Additionally, we find mean values from 0.36 to 1.88 dB and standard deviations of 7.92 to 9.41 dB for the analysed differences of the auditory thresholds of subsequent examinations. Taking finally into account the rather short interval of one year between subsequent auditory examinations, the critical shift of 10 dB seems to be a reasonable approach for detecting all potential cases. In the first (rANOVA) and second (case concept) ap-5.
proach to data, age adjustments following ISO 7029, database A [14] were applied to the whole auditory dataset of exposed subjects as well as of controls before starting the statistical evaluation. This takes into account biological and natural age induced decreases of sensory abilities of humans independent of occupational exposure which therefore must not be held responsible for this in any sort of analysis. Natural decreases in human auditory thresholds cannot be modelled adequately with one linear regression over all frequencies and over the whole span of working life due to the different influence of age on different frequencies and because of the non-linear influence of age on A possible weakness of the study was not including 1.
unexposed participants, either to noise or to toluene. However, the current mean exposure to noise was almost equal for the two toluene exposure groups. Therefore, a potential difference in the auditory thresholds between the high and low toluene-exposed groups would have been ascribed to toluene alone. Additionally, the current mean toluene exposure for the low exposed group was around the olfactory threshold of 3 ppm [15] , where no health effects had been reported so far [16] . Further on, the toluene exposure means of low-and high-exposed were at a rate of 1:8 for current and at a rate of 1:5 for long-term exposures (Table 2) . So, the type of sample seemed to be reasonable from the viewpoint of matching for noise and the evaluation of toluene effects. The problem of a 'healthy worker effect' may exist as 2.
well as a 'sick worker effect' in any other study where participation as an exposed subject is not perfectly random but depends -at least to some extent -on the decision of the subject. In our study, workers who left the plants before the onset of the study were not investigated. However, during the study period of 5 years the participant's reasons for leaving their company were equally distributed between the subgroups except for 'cessation of employment', which happened more frequently among low than high exposed workers due to structural changes in the plants. Those participants (n = 141) who left the study sample during the 5 years were checked concerning their auditory thresholds against the remaining participants (n = 192). This analysis did not reveal a significant difference (F = 1.37, p = 0.24). The only significant exposure effect in our study was 3.
due to the factor noise intensity [79±3 dB(A) versus 84±1 dB(A)], which was associated with elevated auditory thresholds in the higher exposed group. Interestingly, the later Morata et al. study did not report a noise effect despite the information given on pages 295 and 293 that "60% of the study population was exposed to noise doses considered to be high enough to cause hearing loss" [3] and the worker's habits regarding noise protection were "only 11% of the workers
